Conclusion: Despite great efforts to simplify pharmacogenomic results (or because of them), approximately one-third of responders did not understand their results. Future efforts need to provide more examples and tailor results to the individual. Incorporation of pharmacogenomics is likely to improve medication adherence.
INTRODUCTION
Preemptive pharmacogenomic testing is drug-gene testing performed prior to a clinical need so that the data are already available at the point of care. A recent publication outlined implementation of preemptive pharmacogenomics testing at five clinical centers and reported the types of genotype platforms used, the numbers of genes assayed, and clinical decision support used to aid prescribers. 1 However, little research has been conducted to determine how best to return and explain test results to patients prior to the actual time of the prescription.
Learning how to best return and explain preemptive pharmacogenomic test results has become especially critical with the advent of national interest in tailoring all types of clinical care to each patient ("personalized medicine"). In particular, pharmacogenomics and the return of research results are two key components of the Precision Medicine Initiative (PMI) proposed by the National Institutes of Health in 2015. 2 The PMI Cohort Program has a goal of developing a cohort of more than 1 million people in the United States to improve our knowledge of the "biological, environmental, and behavioral influences...of diseases". 2 The current plan is to allow the PMI Cohort Program participants to access their own genomic data, including pharmacogenomic results. However, there is scarce knowledge regarding returning such results outside of the clinical setting. Traditionally, pharmacogenomics tests have been ordered by clinicians at the time that a new medication is being considered. If results were returned to patients at all, such results were interpreted by the provider in the context of the medication being considered. However, the PMI cohort members, like patients receiving preemptive pharmacogenomic results, will receive their pharmacogenomics results independent of medication prescriptions. It is currently unclear how such results should be returned to ensure that patients find the results of preemptive pharmacogenomics testing useful and easy to understand.
The Mayo Clinic's RIGHT Protocol (right drug, right dose, right time) is a study of preemptive pharmacogenomics Submitted 18 July 2016; accepted 16 October 2016; advance online publication 5 January 2017. doi:10.1038/gim. 2016.192 Purpose: To examine predictors of understanding preemptive CYP2D6 pharmacogenomics test results and to identify key features required to improve future educational efforts of preemptive pharmacogenomics testing.
Methods:
One thousand ten participants were surveyed after receiving preemptive CYP2D6 pharmacogenomics test results.
Results: Eighty-six percent (n = 869) of patients responded. Of the responders, 98% were white and 55% were female; 57% had 4 years or more of post-secondary education and an average age of 58.9 ± 5.5 years. Twenty-six percent said that they only somewhat understood their results and 7% reported they did not understand them at all. Only education predicted understanding. The most common suggestion for improvement was the use of layperson's terms when reporting results. In addition, responders suggested that results should be personalized by referring to medications that they were currently using. Of those reporting imperfect drug adherence, most (91%) reported they would be more likely to use medication as prescribed if pharmacogenomic information was used to help select the drug or dose. involving 1,013 patients. 3 CYP2D6 genotypes were among the first clinically validated pharmacogenomic results deposited into participants' electronic health records (EHRs).
The CYP2D6 gene encodes for an important enzyme that is involved in the metabolism of xenobiotics, including up to 25% of all prescribed medications. 4 However, the standard clinical genetic test report can be difficult to comprehend because it includes technical jargon and unfamiliar terms. Complicating this is the fact that the effects of various CYP2D6 variants vary depending on the form of the medication (e.g., prodrug versus active form) at the time of administration. Some medications, such as codeine, require activation by CYP2D6 before they have their intended pharmacologic effect. Patients with an "ultrarapid-metabolizer" phenotype would rapidly convert codeine to morphine and experience overdose symptoms. Other medications, such as Prozac, are administered in an active form and then deactivated by CYP2D6 prior to elimination from the body. The same patients with the ultrarapid-metabolizer phenotype would experience lack of efficacy as the medication was rapidly deactivated. Such patients require higher than normal doses to achieve therapeutic effectiveness.
To call attention to the availability of the results in EHRs and provide assistance in the interpretation of those results, we mailed a letter with a summary of results and educational materials. The aims of this study were to (i) assess the variation in the perceived understanding of results, including potential demographic differences in perceived understanding; (ii) investigate attitudes and beliefs about sharing and using CYP2D6 test results; and (iii) explore patients' ideas for improving materials used to present and interpret results.
MATERIALS AND METHODS

Setting and patient selection
The RIGHT Protocol 3 was designed to test whether health-care providers can use preemptive pharmacogenomics test results to guide patient prescriptions at the point of care. We also wanted to study the effects of preemptive genotyping on the health-care utilization and outcomes of primary-care patients. Participants were selected from the Mayo Clinic Biobank 5 based on age, sex, and race. 3 A total of 2,000 subjects were identified; 1,013 participants provided a blood sample and informed consent and were included in the RIGHT Protocol. We conducted clinical CYP2D6 genetic testing for all participants and deposited results in the EHR. Methods for interpreting pharmacogenomic variants have been previously described. 6 At the time of this study, the Mayo Clinic used the following CYP2D6 nomenclature groups: ultrarapid, extensive to ultrarapid, extensive, intermediate to extensive, intermediate, poor to intermediate, and poor. In addition, one Mayo Clinic-specific nomenclature category was used (i.e., intermediate to ultrarapid) for six patients with indeterminate copy number variations. Of the 1,013 participants, 1,010 were alive and able to participate in the current study.
Study setting
This study was approved by the Mayo Clinic Institutional Review Board. Study participants were mailed a packet of materials that included a results letter summarizing their phenotypic CYP2D6 metabolizer status. Metabolizer status was divided into two phenotypic categories: actionable and nonactionable. Each category was then further categorized into groups to describe the rate at which patients metabolize the CYP2D6 medication. For nonactionable or "normal" phenotypes, patients received a result summary saying "You process CYP2D6-related medications at a regular rate. " The pharmacogenomic-based recommendation for individuals with these nonactionable CYP2D6 phenotypes (Mayo Clinic nomenclature groups: extensive, intermediate to extensive, and intermediate) is to adhere to standard drugs and/or dosages. The second category included actionable CYP2D6 phenotypes (i.e., ultrarapid, extensive to ultrarapid, intermediate to ultrarapid, poor to intermediate, and poor). At the Mayo Clinic, it is typically recommended that individuals in this category change their dose or use an alternative medication. For individuals with these phenotypes, the summary letter said "You process some medications differently. " Note that genotype and phenotype methods used at the Mayo Clinic during the time of this study are not necessarily those used across the United States. For all RIGHT participants, the mailed packet also included (i) an educational brochure (see Supplementary Materials online) with one page of information about how to log onto the Mayo Clinic Patient Portal to access results, (ii) two pages of educational material about pharmacogenomics testing and CYP2D6, (iii) a nine-page survey, and (iv) a postage-paid return envelope.
Data collection
The mailed survey contained attitudinal questions about the result letter, the educational materials, participants' beliefs about personal medication use, plans for using CYP2D6 results, and the usefulness of pharmacogenomics testing in general. The questions in the survey were developed by the study investigators. Study-material questions concerning perceived understanding allowed responders to report if they understood "completely, " "mostly, " "somewhat, " or "not at all" (Supplementary Table S1 online). Space was provided for participants to comment on things that were helpful and things that would have made the study materials more helpful. Questions about their confidence in their ability to explain their results to a friend or family member included categories of "extremely, " "somewhat, " "a little, " and "not at all. " Those who had not responded within 30 days of the initial mailing were sent a second survey. Data collection was closed 30 days after the second mailing. No incentives or follow-up telephone calls were provided.
Data analyses
To assess potential nonresponse bias, demographic and CYP2D6 phenotype data were compared for survey responders and nonresponders using a chi-square or Fisher's exact test Volume 19 | Number 7 | July 2017 | Genetics in meDicine for categorical variables and a t-test for continuous variables, as appropriate. Between-group variance was similar between compared groups. Associations between participant characteristics-including age, sex, education, CYP2D6 phenotype, number of prescription medications, marital status, self-reported health status, severity-and age-weighted sum of diseases, and perceived understanding of the CYP2D6 results and their utility-were assessed using logistic regression and summarized using odds ratios (OR) and 95% confidence intervals (CI). For these analyses, "completely understood" and "mostly understood" were combined and compared with responses from a combined group of those who reported understanding only "somewhat" or "not at all. " For attitudinal questions about encouraging others to consider undergoing pharmacogenomics testing, we used unadjusted logistic regression models.
Responses to the open-ended question "What is the one thing that would have made your result letter more helpful?" were entered into a database, coded, and analyzed for common themes by two independent reviewers (J.E.O. and M.E.M.). Discrepancies were reviewed and discussed until a consensus was reached. If a consensus could not be reached, then a third investigator (C.R.V.) determined the final code.
RESULTS
A total of 1,010 participants were alive and eligible for the survey at the time of mailing. Of these, 869 (86%) responded to the survey ( Table 1) . Despite the high response rate, we observed differences between responders and nonresponders for multiple characteristics, including sex, education level, and marital status ( Table 1) . Responders were more likely to be female, have a higher level of education, and be married. Ninety-eight percent were white, 55% were female, and 57% had had at least 4 years of postsecondary education; the mean age was 59 (±5.5) years ( Table 1 ). The prominence of white race and high education level among responders was consistent with overall education levels in the Mayo Clinic Biobank, the source population from which this study sample was drawn. 5 Eighty-seven percent had EHR data indicating use of at least one prescription medication in 2014. More than one-third (39%) of responders had CYP2D6 test results classified by the study team as actionable.
Perceived understanding of results
To the question "How well do you feel you understand or don't understand your CYP2D6 result?, " the majority (67%) responded that they either completely or mostly understood their results. Of concern, 33% reported that they either only somewhat understood (26%) or did not understand their results at all (7%). We examined the influence of several factors on failure to understand results ( Table 2) . Key variables included age, sex, education, CYP2D6 phenotype, and number of prescription medications in 2014. Other covariates examined included marital status, self-reported health status, and perceived health status ( Table 2) . Of these, less education was associated with failure to understand results. Compared to those with a 4-year college degree or greater, those with a high school education or less or those with some higher education but not a 4-year degree were 1.6 times more likely to report understanding somewhat or not at all (P = 0.006).
To understand patient-perceived understanding of laboratory reports with CYP2D6 results, we asked participants to indicate their level of agreement with the following statement: "It was easy to understand my pharmacogenomic result in the Patient Portal. " Of the 499 patients who said they had viewed their Patient Portal results, more than half (53%) agreed (15% strongly and 38% somewhat), 12% neither agreed nor disagreed, 33% disagreed (21% somewhat and 12% strongly), and 1% did not specify.
Participants were also asked to indicate their confidence level in their ability to explain their results to a friend or family member. Thirty-eight percent responded "somewhat confident. " Responses, however, varied by education. Thirteen percent (10/77) of those with a high school education or less and 23% (48/211) of those with a graduate or professional degree responded that they were "extremely confident. " Conversely, 30% (23/77) of those with a high school education or less responded "not at all confident"; however, even 18% (38/211) of those with a graduate or professional degree gave the same response.
Participant attitudes regarding pharmacogenomics testing
To determine the value placed by participants on pharmacogenomics testing of CYP2D6, we summarized responses to four questions: (i) whether they reported sharing or were planning to share their results with others, (ii) whether they would encourage others to undergo pharmacogenomics testing, (iii) how useful they believed pharmacogenomic results to be, and (iv) whether the use of pharmacogenomics would affect their medication compliance.
Of the 69% (N = 588) who had shared or planned to share their CYP2D6 test results, 83% planned to share their results with a health-care provider, 60% with a spouse or partner, 30% with children, 20% with siblings, 10% with friends, 7% with parents, and 17% with a pharmacist. Some (17%) planned to discuss or share with no one; 14% were unsure whether they would discuss or share results with anyone. Note that these categories were nonexclusive.
In general, 64% of the participants would encourage others to consider undergoing pharmacogenomics testing. The strongest predictor of who would encourage others was the reported level of understanding of the CYP2D6 result. Those who reported either completely or mostly understanding their result were more likely to encourage others to be tested than those who reported understanding their results only somewhat or not at all (OR = 1.82, 95% CI 1.34-2.46). Other factors considered (age, sex, education, CYP2D6 phenotype, marital status, health status) were not associated with the likelihood of encouraging others to be tested.
Participant attitudes regarding the usefulness of pharmacogenomics testing are summarized in Figure 1 . Responders were generally positive concerning the usefulness of pharmacogenomics testing. Most participants (87%) strongly or somewhat agreed with the statement "Using my pharmacogenomic results when prescribing medications for me will improve my chances of getting a dose that is right for me. " In addition, 87% strongly or somewhat agreed with the statement "Using my pharmacogenomic results when prescribing medications for me will improve my chances of getting a medication that is right for me. " Participants were least likely to agree with the statement "Knowing my pharmacogenomic results will be useful for my children" (447/669, 67%), even after the responses of those without children were removed from the analysis.
Finally, 513 (59%) reported that they did not always follow medication instructions as directed. However, most of these participants reported that they would be either "much more likely" (67%) or "somewhat more likely" (24%) to take the medication as prescribed if pharmacogenomic information were used to in the selection of the medication and the dose.
Participant suggestions for improving results
We asked participants the open-ended question "What is one thing that would have made your result letter more helpful?" Three overlapping themes emerged from the analysis of responses. First, explanations of results need to be translated into plain language, preferably in person. Second, results need to be personalized to be useful for patients. Third, the layout and content of information could be simplified ( Table 3) .
The most common responses suggested that results be translated into plain language and emphasized the need to simplify language and to have the information delivered by someone either in person or over the phone who can explain the results. The second suggestion was that results be personalized in a way that helps patients better manage their care. Many responders requested a table or list of medications affected by CYP2D6; comments frequently included requests for matching results with current medications. The third theme included suggestions for improving the presentation of the data. One person expressed a preference for "comparative information in graph form-more visual understanding of my particular info. " Another suggested personalizing results in a clearer way, asking for "information about the range of results-where do I fall in a range as an intermediate metabolizer?"
DISCUSSION
The goals of this work were to (i) determine the variation in the perceived understanding of results, (ii) investigate attitudes and beliefs about sharing and using CYP2D6 test results, and (iii) explore patients' ideas for improving materials that present and interpret results. This information is especially important as plans unfold for participants in large research initiatives, including the Precision Medicine Initiative now under way. We found that our first attempt to return CYP2D6 phenotype results to participants in our study in an understandable way was only partially successful, but it identified key elements required for improving future efforts to return pharmacogenomics results. Most participants were enthusiastic about pharmacogenomics testing after receiving their results. Most had shared or planned to share their results with someone, would encourage others to undergo testing, and thought that the results would be useful for either their own health care or for their children.
The results show that significant work is still needed to provide patient-centered results that meet patient needs. Providing clear and concise results while trying to balance the limitations of current science, the complexity of test results, and patient needs will continue to be a challenge as national efforts move forward. Many participants had difficulty understanding their results; those with less education were more likely to report problems with interpretation. Many participants also recommended that we improve our explanations using nontechnical language. Avoiding the standard scientific categories used by the clinical laboratory, such as "intermediate to ultrarapid metabolizer, " could significantly improve interpretation. Although these are standard names for the CYP2D6 phenotypes, the actual effect of such phenotypes on a patient's response to a specific medication is difficult to interpret.
Many patients also commented that they wanted more information about which medications are affected by CYP2D6; some requested lists of medications to avoid or use with caution. More broadly, a theme that consistently emerged from the comments was that patients really wanted to know what the results meant for them personally. We tried to keep our results report simple and did not discuss all the possible ways that CYP2D6 might affect the metabolism of various medications because the impact of CYP2D6 phenotype on the response to a particular medication varies depending on whether the medication is delivered in an active state or needs to be activated to achieve its desired therapeutic benefit. 4 Our decision not to present the differential activity on various medications may have inadvertently caused confusion for some participants. Interpreting CYP2D6 phenotypes in lay language and saying which drugs are likely to be affected by the phenotype could significantly improve patient satisfaction with return of results. Finally, we found that more than half of our participants reported that they did not take their medications routinely or as directed. Medication adherence varies depending on type of condition and medication but has been reported to range from 17 to 80%. 7 Therefore, our study population seemed to be typical in their medication use behavior. However, the vast majority of those who were nonadherent to their medication regimens indicated that if pharmacogenomic information were used to tailor their prescription, they would be much more likely to take their medication. Lack of medication adherence has also been strongly associated with increases in health-care utilization and cost. 8 Our results suggest that, at least for a subset of the population, pharmacogenomic information or more precise tailoring of prescription medications could improve medication adherence.
Another interesting result pertained to respondent confidence that their health-care provider will use pharmacogenomic information when prescribing medication for them in the future. Unlike other questions about the value of pharmacogenomics testing, which showed very little disagreement among respondents, 7% indicated that they disagreed either strongly (5%) or somewhat (2%) with the statement that they were confident that their provider would use pharmacogenomic information when prescribing their medications. We found this disconnect to be of interest and plan to explore this further in future studies of patient and physician attitudes toward pharmacogenomics. To date, we have only been able to explore this preliminarily. 9 Limitations of our study include the potential lack of generalizability. Our study population was highly motivated and enthusiastic about the potential for implementing pharmacogenomics in routine patient care. In addition, they were mostly white, highly educated, and in very good health. Populations with different characteristics may be less interested in pharmacogenomics testing; our results indicate that persons with less education were also less likely to understand study results. However, many people in our study population still had difficulty understanding what their pharmacogenomics results meant for their personal health. Therefore, future studies involving the return of preemptive test results will need to ensure that patient materials related to the delivery of pharmacogenomics results are tested and validated in multiple populations, with multiple education levels, to ensure that the results are simple and easy to comprehend in all populations. Another limitation is that we were unable to verify that patients had actually viewed their results in the Mayo Clinic Patient Portal. In addition, we were not able to ask specific questions about their knowledge of their results. Future research in this area is warranted.
In summary, we found that participants in a study of preemptive pharmacogenomics testing were enthusiastic about Table 3 Comments selected from 444 meaningful responses to "What is one thing that would have made your results letter more helpful?"
Primary theme Subtheme Count Sample responses
Plain language from clinician Simplify language 297 Use layman's terms. The term "intermediate" was not explained well as being "typical" or "normal." I showed this to my Mayo doctor; he said ignore it.
The letter still had a lot of medical detail that was difficult to understand for someone without a medical background To explain each test when clicking on it in the online results
The letter is OK. The online comments are very involved and difficult to understand.
Suggestion on layout 62
A small graph showing where my results were as to "normal"
Put test results in tabular form, i.e., Gene CYP2D6 Result normal (extensive metabolizer). This would be particularly helpful if more than one result is available.
Volume 19 | Number 7 | July 2017 | Genetics in meDicine the potential benefits of such testing but felt that it was difficult to interpret results and that the personal impact of such test results was unclear. Future studies focused on ensuring that pharmacogenomic results are clear and easy to interpret in multiple populations will be essential for all initiatives focused on the delivery of personalized medicine.
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